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Increasingly, nanotechnology synthesis uses biological macromolecules as 
engineering materials such as peptides, RNA, and DNA for use in sporting goods, 
ceramics, computer hardware, automotive lubricants, and cosmetics.  Still, biological 
processes are more precise and elegant than our modern day engineering capabilities.  
Kinetic studies on tubulin formation often examine this structure through the lens of crystal 
nucleation and growth.  Inspired by this biological supramolecular crystallization process, 
we examine a bottom-up synthesis of DNA nanotubes using tile monomers made of DNA.  
DAE-E tile monomers self-assemble at concentrations high enough to significantly 
decrease the energy barrier to nucleation.  This system uses a DNA origami nanostructure 
called a seed to reduce the barrier to nucleation allowing DNA nanotubes to self-assemble 
at low tile monomer concentrations.    
Currently, studies only examine seeded nanotube nucleation at specific 
temperatures and monomer concentrations, while little is known about the effect these 
conditions have when changed.  Here, we present nucleation of seeded DNA tile nanotubes 
over a range of temperatures and DNA tile concentrations to reveal control limits to 
nanotube growth using a specific seed by examining this growth with fluorescence 
microscopy.  These experiments show that at higher temperatures seeded nucleation 
requires larger concentrations of tiles and control limits shrink.  Tile monomer dilution 
experiments demonstrate the kinetic stability of mature nanotubes at 20 °C showing 
nanotubes become unstable below 20 nM of tile monomers.  Furthermore, variations in 
seed design give the seed different properties such as stopping nanotube growth.  This 
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study illuminates conditions where we could gain more control over the system and shows 
some examples of how seed properties depend on design. 
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 Nanotechnology is becoming increasingly ubiquitous.  Already we have found 
sweeping uses for nanomaterials such as sporting goods [1], ceramics [2], computer 
hardware [3] [4], and automotive lubricants [5].  As the need arises for technology on this 
scale with precise nanoscale resolution, bottom-up self-assembly processes become 
progressively more appealing.  Actin networks [6] [7] [8] [9] [10] [11] and cellular 
microtubule growth [12] [13] [14] [15] [16] [17] provide biological inspiration for these 
types of processes, but outside of the cell, engineered applications are still in the beginning 
stages. 
For self-assembly processes to be achievable, we need materials that hold the 
information for the desired process.  DNA acts as our biological information storage, and 
the precise properties of its base pairing make DNA uniquely capable as an engineering 
material for self-assembly processes.  DNA tiles with tight crossover junctions form 2D 
patterned grids with potential application as nanowires or templates [18] [19] [20]; DNA 
origami techniques fold into a large variety of programmable shapes [21] [22]; polyhedrons 
with DNA architecture selectively expand and contract based on environmental signals 
showing promise in drug-delivery systems [23] [24]; and DNA nanomachines walk along 
linear tracks or act as molecular tweezers [25] [26] [27] [28]. 
Still, we can achieve a higher degree of control over these self-assembly processes 
by better understanding their nucleation.  Using 2D DNA tiles [29] [30] to form 3D 
structures called DNA nanotubes [31] shows potential for templated nanowire 
architectures, encapsulation of multiple cargos, and programmable self-healing materials.  
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Any of these potential applications requires spatiotemporal control over their growth.  
Nucleating nanostructures called seeds provide this control.  Here, we attempt to isolate 
optimal conditions for seeded DNA nanotube nucleation and growth with our current 
system and reveal where we can improve. 
DNA nanotubes grown with a DAE-E tile system 
DNA nanotubes [31] are cylindrical structures formed from DNA tile monomers.  
We use a set of two DAE-E tile monomers [29] [30] called REd and SEd tiles (Figure 1a).  
A high concentration of tile monomers in buffer solution decreases the energy barrier to 
nucleation allowing a nucleation event to occur.  A nanotube (Figure 1b) has a facet with 
a varying circumference of some number of tile widths [31].  Free tile monomers in solution 
(defined here as tiles that are not yet part of an existing nanotube) can attach to either side 




Figure 1: Schematic of (a) DNA tiles with their sequences and (b) tiles in a lattice structure cyclized into a nanotube. 
At low concentrations of tiles the tile monomer equilibrium shifts such that 
nanotubes become unstable and all tiles are free in solution.  The critical concentration of 
tile monomers is the lower limit at which mature nanotubes become unstable at a specific 
growth temperature thus the rate of tiles leaving the nanotube is the same as the rate of tiles 
sticking to the nanotube.  The energy barrier to nucleation is greater than the energy barrier 
to growth [32], thus nucleated nanotubes will continue to grow even as tile monomers 
deplete in solution.  The number of total nucleation events and the total length of all tubes 
in a system will increase until reaching an equilibrium between free tile monomers in 
solution and tile monomers in a nanotube.  Diluting a system will decrease both the total 
length of nanotubes and number of nucleation sites until it again reaches equilibrium.  
Thus, at some low concentration, the critical concentration, even mature nanotubes become 
unstable leaving only free tile monomers in solution.   
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To lower the concentration of tile monomers needed to nucleate nanotube growth, 
a nanostructure called the RT (room temperature) A seed designed using DNA origami 
techniques [21] provides a template for tiles to attach.  This nanostructure, called a seed, 
decreases the energy barrier for nucleation of DNA nanotubes [31] and thus allows 
nanotubes to grow at low tile concentrations.   The seeds significantly reduce the amount 
of tiles needed to grow nanotubes and provides a deeper level of control over direction and 
placement of nanotube growth.   
We want to reduce the energy barrier to nucleation and improve growth by 
changing the RT A seed but not the tiles, so we need to find those areas that a redesigned 
seed could improve upon.  Together with our information on the critical concentration of 
nanotube stability, we can determine boundaries at which mostly seeded nucleation occurs.  
We have set the standard for acceptable percentage of seeded nanotubes (defined as 
nanotubes with a seed) in solution to be more than 50%.  At conditions where the 
percentage falls below 50% an upper boundary exists past which we no longer desire to 
improve seeded nanotube nucleation with a seed redesign.  With an upper boundary set by 
nanotube growth kinetics and a lower boundary set by nanotube stability, we have defined 
limits in which we wish to examine the nucleation efficiency of the RT A seed. 
 The conditions at which a seed redesign could possibly improve nanotube 
nucleation become apparent after defining boundaries set by nanotube stability and growth 
kinetics.  Seeds lower the nucleation barrier for nanotube growth, but otherwise do not 
affect the thermodynamic and kinetic factors innate to the chemistry of the DNA tile 
monomers.  Thus, a perfect seed would always nucleate a nanotube under any conditions 
that nanotubes are stable.  Measurements of seed yield (defined as the percentage of seeds 
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nucleating a nanotube) empirically show the nucleation efficiency of the RT A seed at 
different conditions.  With these measurements in mind, we can establish possible areas of 
improvement and examine seed redesigns within these parameters.  A good seed redesign 
should improve upon nucleation efficiency by increasing seed yield where the seed yield 
of the RT A seed is low within our predefined boundaries.   
 After finding the conditions at which the RT A seed could improve, we desired to 
create designs that might be feasible options for a more perfect seed.  First, we modified 
the sequences of the adapter complex sticky end strands.  The RT A seed has two types of 
adapter complexes: REd and SEd [33].  The sequences for all the SEd adapter sticky end 
strands are identical, but the sequences for each of the three REd adapter sticky end strands 
differ (Appendix 5).  Our original modification redesigns the adapter complexes such that 
the REd sticky end strands match in sequence (Appendix 7).  We do not expect an 
improvement in nanotube nucleation for this modified RT A seed, but rather made the 
change to simplify our system.  In hopes of improving the seed, we changed the sticky end 
strand in all the adapter complexes from DNA to RNA (Appendix 8).  The sequences of 
the RNA sticky end strands are analogous to the sequences for the DNA sticky end strands, 
and otherwise all other adapter complex strands remain the same between the modified RT 
A seed and the RNA RT A seed.  We expect an improvement in nucleation efficiency with 
this system because RNA binds to DNA more strongly than DNA binds to DNA [34].  This 
increase in affinity should lower the energy barrier barring nanotube nucleation.   
 We could also benefit from eliminating the excess scaffold strand not used in the 
seed.  As the M13mp18 strand is 7,249 base pairs long [21] and the RT A seed only uses a 
third of these base pairs, the remaining ssDNA extends from the folded seed structure.  This 
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excess can interfere with attachment of the seeds to specific sites or limit our ability to 
combine multiple seeds together at specific angles to each other.  To avoid these problems, 
we could eliminate the excess ssDNA, but currently we use this excess as a site for dye 
attachment.  A staple redesign (Appendix 15) allows us to attach the dye strands to the 
hairpins in the folded seed structure.  We can now eliminate the excess ssDNA while 
retaining the ability to visualize our seed under a fluorescence optical microscope.  An 
aPCR technique [35] cleaves the excess ssDNA leaving only the sequence needed for the 
DNA origami structure.  This new structure, called the FLIP seed for Fluorescence 
Labelling In line with Pattern, effectively nucleates nanotube growth without excess single-
stranded DNA on the scaffold. 
A structure modified from the seed called a cap [33] provides further control over 
nanotube growth.  The cap is analogous to the seed in design (Appendices 9-13). We 
designed the cap using DNA origami, and like the seed, it provides a template for nanotube 
nucleation.  The template presented by the cap is complementary to the seed template and 
thus can attach to the growing end of seeded nanotubes.  By measuring the lengths of 
seeded nanotubes before and after adding caps to solution we can show that caps stop 
nanotube growth.   
Though we designed caps to stop nanotube growth, they can also nucleate 
nanotubes in solution.  Redesigning the structure of the caps to create a floppier facet seems 
to reduce the ability of the cap to nucleate new nanotubes while retaining its ability to stop 
nanotube growth [33].  This new cap, called the flexible cap, stops nanotube growth 




 Here, we show the control limits of the RT A seed and propose a possible redesign 
of the seed to improve on nucleation within these limits.  We also show the FLIP seed 
design allows visualization of the seed making the unfolded portion of the scaffold strand 
unneeded.  Caps provide a path to stopping nanotube growth with certain cap designs doing 
so without nucleating nanotubes.  DNA nanostructures prove to be fruitful in gaining 
control of the DAE-E tile system. 
8 
 
Results and Discussion 
 In DNA nanotube self-assembling systems, seeds can reduce the nucleation barrier 
for growth.  Our RT A seed works well to decrease the concentration of tile monomers 
necessary for tube growth in a buffer solution.  Still, modifications to this seed design can 
increase its ability to nucleate and engage it in other capacities.  For example, modifying 
the sequence of the sticky ends in the adapter complexes such that they are complementary 
to the growing ends of the nanotubes allows these structures to bind to the ends of the tubes 
and stop growth.  Other modifications might further decrease the nucleation barrier for tile 
monomer self-assembly.  Another redesign allows us to fluorescently visualize the seed 
without the extra single-stranded scaffold base pairs acting to sterically hinder the seed 
from attaching to specific sites.  Here, we highlight the effect these modifications have on 
seed function.  Furthermore, we characterize the RT A seed to show where changes in seed 
property are desired. 
DAE-E DNA nanotubes grown at 20 ̊C become unstable at monomer concentrations 
lower than 20 nM. 
 At low concentrations of tile monomers, DNA nanotubes become 
thermodynamically unstable.  For our DAE-E tile system (Appendix 1), we wanted to find 
the lower limit at which nanotubes became unstable and thus no seed could nucleate 
nanotube growth.  We annealed tiles from 90 to 20 ̊C at a tile concentration of 100 nM.  
Nanotubes grow easily without the need for seeds to nucleate growth at this high tile 
monomer concentration.  To allow the nanotubes time to fully grow and approach 
equilibrium we allowed the samples to sit in the thermocycler for 22 hours.  At this point, 




nanotubes.  This disparity suggests that tiles became unstable as nanotubes and returned to 
solution as free tile monomers. 
Increasing temperature reveals the need for an increase in tile monomer 
concentrations for nucleation. 
  After finding nanotubes become unstable below 20 nM, we characterized the RT 
A seed (Appendix 2).  In these experiments, we looked at ranges of temperature and tile 
concentrations the RT A seed could efficiently nucleate nanotube growth and which areas 
could be improved upon.  We define poor nucleation for conditions at which less than half 
of the seeds nucleate nanotubes and good nucleation for conditions at which more than 
50% of seeds nucleate nanotubes.  Furthermore, we set the conditions at which less than 
half of the nanotubes are seeded to be the upper boundary for possible areas of 
improvement by seed redesign alone.  These arbitrary definitions allow us to characterize 
the quality of seeded nucleation for the RT A seed and compare the quality of seeded 
nucleation for any new seeds against this standard.   
 Our findings characterize the RT A seed under a variety of temperature and tile 
monomer conditions (Figure 3).  We collected data at 20, 22, 24, and 26 ̊C at tile 
concentrations ranging from 15 nM to 500 nM.  These data show that higher concentrations 
of tiles are needed for seeded nanotube nucleation at higher temperatures.  For example, 
the point at which more than 50% of RT A seeds begin to nucleate nanotubes occurs at 
about 30 nM.  In fact, by 45 nM the RT A seed begins to produce nucleation with about 
71.1% of seeds nucleating nanotube growth.  After 45 nM, we see only a modest increase 




 With a steady rise in temperature, the amount of tile monomers needed for good 
nucleation rises rapidly.  From 20 to 26 ̊C, data show an increase in the necessary amount 
of tile monomers for good nucleation from 30-45 nM to 400-500 nM.  This 10-fold increase 
suggests a rise in temperature hinders the ability of the RT A seed to nucleate nanotube 
growth.   
Regions of good growth shrink as the temperature increases.   
Our findings also suggest that the control limits of tile monomer concentrations 
diminish with increasing temperature (Figure 3).  For example, at 20 ̊C good nucleation 
begins to occur between 30 and 45 nM.  As monomer concentrations increase, it decreases 
the barrier to nucleation without a seed.  For this reason, with more tiles in solution we 
consistently observe a rise in the number of unseeded nanotubes.  The data show that the 
amount of unseeded nanotube growth becomes greater than 50% between 90 and 120 nM 
at 20 ̊C.  Thus, we have an upper limit for acceptable nanotube growth.  At 20 ̊C our tile 
monomer concentrations can range from 30-45 nM to 90-120 nM, a 45-90 nM range.   
At 22 ̊C, we observe an acceptable amount of unseeded nanotube growth at 80 nM 
but an unacceptable amount by 100 nM.   These data suggest an upper limit between 80 
and 100 nM.  Already at 22 ̊C the flexibility of tile monomer concentrations has diminished 
from 40-60 nM to 80-100 nM, a range of 20-60 nM.  This flexibility decreases even further 
as we raise the temperature of nanotube growth to 24 ̊C.  At this temperature, we see too 
much unseeded growth at 140 nM shrinking our acceptable range from 100-120 nM to 120-
140 nM.  Good growth at 24 ̊C occurs in a small range of 0-40 nM of tile monomers.  In 
fact, at 26 ̊C we never observe good nanotube growth since we do not observe growth at 
400 nM and unseeded growth occurs too often at 500 nM.  Still it should be noted that 
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experiments done on nanotube growth at 26 ̊C between 400 and 500 nM could reveal a 
range of concentrations in which good growth occurs.   
The range of concentrations in which good growth occurs shrinks as the 
temperature rises.  At 20 ̊C the range is 45-90 nM wide, then 40-60 nM at 22 ̊C, and 20-60 
nM at 24 ̊C.  The nucleation barrier rises with temperature more quickly than the energy 
barrier for tube growth causing the range of monomer concentrations at which the RT A 
seed works to effectively diminish.  A seed that reduces the nucleation barrier more than 
the RT A seed might widen the range of good growth at each temperature point, but the 
ranges would still diminish as the temperature rises.   
RNA seed shows potential to improve control over and reduce the nucleation barrier 
to tube growth. 
  One of the initial design changes to the RT A seed modified the adapter complexes.  
RNA binds to DNA with more affinity than DNA binds to DNA [34].  Thus, changing the 
sticky end strands of the adapter complexes from DNA to RNA might lower the nucleation 
barrier even further.   
 There are two types of adapter complexes in the RT A seed: REd and SEd [33].  
These types are analogous to the two types of tiles used in the nanotubes.  The sequence of 
the sticky end strands in the SEd adapter complexes are all the same, but this is not true for 
the sticky end strands in the REd adapter complexes (Appendix 5).  Our first modification 
changes the REd adapter complexes so that sticky end strands have the same sequence 
(Appendix 7).  This seed, referred to as the modified DNA RT A seed, still uses DNA for 
the sticky end strands.  Now with only two strands (the REd and SEd adapter complex 
sticky end strands) rather than four to order as RNA, we make the final modification to the 
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original RT A seed.  The sequences of the sticky end strands for the RNA RT A seed are 
the RNA equivalent of the sequences for the modified DNA RT A seed (Appendix 8).   
 We grew the RT A seed, modified DNA RT A seed, and RNA RT A seed at 20 ̊C 
with 45 nM of tiles.  Images of nanotubes with each type of seed after 19, 28, 46, and 48 
hours of growth show that the modified DNA RT A seed and RNA RT A seed nucleate 
nanotube growth.  The RT A seed, modified DNA RT A seed, and RNA RT A seed nucleate 
nanotubes 56.1%, 54.5%, and 62% of the time respectively where these percentages are an 






 Now that the excess ssDNA are no longer necessary for visualizing the structure, 
we must find a way to get rid of this part of the scaffold.  With cadnano, we designed seeds 
extending the structure to use more scaffold, but CanDo models showed these structures 
would likely exhibit twisting and stress (Figure 5a-f).  Instead, using aPCR [35], we cleaved 
off the unneeded DNA base pairs leaving only the scaffold necessary for the seed. 
Caps can bind to ends of nanotubes and stop growth. 
 With the seed functioning to reduce the nucleation barrier to nanotube growth, it 
became apparent that an analogous structure could bind to the ends of the nanotubes.  This 
structure would stop the growth of nanotubes by binding to the free end of nanotubes where 
free tile monomers could otherwise attach.  Our design for the cap structure folds the 
scaffold M13mp18 strand with 24 staples (Appendix 10).  These 24 staples fold a different 
part of the scaffold strand than folded by the 24 staples for the RT A seed [33].  The adapter 
complexes contain sticky end strands that are complementary to those used for the RT A 
seed as well as the tile sticky end strands at the growing end of the nanotube.  We use 
atto488 to distinguish the cap from the seed which uses atto647.  We call this capping 
structure with a full set of staples and adapters the rigid cap (Appendix 9 and 10). 
  The rigid cap stops growth of DNA nanotubes but can also nucleate nanotubes 
(Figure 6).  To test the rigid caps ability to stop nanotube growth, we added 0.3 µl of caps 
to a solution with seeds that had been growing for 4 and 8 hours.  In our control, we added 
buffer to similar seeded nanotube samples at the same volume as the caps.  We imaged 
both samples with and without caps after 4.5, 8.5, 25, 32, and 50 hours.  The mean length 
of nanotubes capped after 4 hours of growth was shorter than those nanotubes capped after 
8 hours.  In either case, the mean length of the nanotubes stopped growing and remained 
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consistent after adding the caps.  In our control samples, nanotubes continued to grow and 
measurements show the mean length of nanotubes in these samples to be longer than 
capped nanotubes.  This disparity between the mean length of nanotubes in samples with 





Figure 6: Graphs show the rigid cap and flexible cap stop growth.  Optical images of nanotubes corroborate this finding. 
20 
 
 Optical images of the nanotubes, RT A seeds, and rigid caps show many nanotubes 
with seeds on one end of the tube and caps on the other (Figure 6).  These images provide 
evidence that caps stop growth by binding to the ends of nanotubes.  Many of the tubes in 
these images have a cap on one end without a seed on the other.  This combination suggests 
the rigid cap can nucleate tube growth.   
We made a variety of adjustments to the cap design to find a cap that would retain 
its ability to stop growth but not its ability to nucleate.  Removing staples from the rigid 
cap structure could cause the cap facet to become more flexible and removing adapters 
might create a facet less energetically favorable for nucleation.  This flexibility would 
increase the energy barrier for nucleation eliminating the cap’s ability to nucleate growth.  
It would also increase the energy barrier to capping, but we hoped not substantially.  Less 
adapters in the facet of the cap would also increase the energy barrier for nucleation since 
a tile would rather bind to an adapter on both sides rather than just one [31].  Our designs 
removed the REd adapters in the rigid cap structure leaving only the SEd adapters.   
 After creating a library of caps each with a different modification (Appendix 11), 
we tested their ability to nucleate nanotube growth by putting 2 pM of each capping 
structure in a solution of annealed tiles for 25 hours.  These experiments showed that a cap 
with no staples but a full set of adapters is least likely to nucleate growth.  We call this cap 
the flexible cap and only about 1.2% of these structures nucleate growth in the absence of 
RT A seeds in a solution with a tile concentration of 45 nM.  In time series experiments 
that measure the mean length of nanotubes in a solution after 4.5, 8.5, 25, 32, and 50 hours, 
the flexible cap stopped nanotube growth as effectively as the rigid cap.   
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 By modifying the seed, we successfully altered its function to be able to stop 
nanotube growth rather than nucleate it.  The rigid cap with a full set of adapter complexes 
and staples both nucleates and stops nanotube growth.  The flexible cap retains its ability 




We sought to understand and improve the RT A seed used to nucleate nanotubes 
for our DAE-E tile system.  Here, we show that the RT A seed nucleates well at 20 ̊C, but 
its performance quickly diminishes with increasing temperature.  Though we cannot shift 
the control limits with a seed redesign, a better seed would nucleate nanotubes more often 
below 80 nM at 22 ̊C, 120 nM at 24 ̊C, and 400 nM at 26 ̊C.  An RNA seed might improve 
nucleation, but preliminary experiments suggest it would only do so marginally. 
Furthermore, design changes to create the cap or the FLIP seed allow these DNA 
nanostructures to display control over the nanotubes in unique ways.  The FLIP design 
makes the unfolded portion of the M13mp18 scaffold strand unnecessary and both the rigid 
and flexible cap successfully stop nanotube growth.  These insights can provide valuable 
information in proceeding work on DNA nanotubes.      
23 
 
Materials & Methods 
Experimental DNA nanotube structures 
We characterized nucleation of DNA nanotubes with DAE-E tile monomers [29] 
and a specific nanostructure (or seed) folded using DNA origami [21].  Ten separate strands 
form a set of REd and SEd DAE-E DNA tiles with five strands for each tile (Appendix 1).  
We labelled the tiles with Cy3 fluorescent dye for imaging.  To create the RT A seed, a set 
of 24 staple strands folded a section of M13mp18 single-stranded DNA used as a scaffold 
strand into a 3D cylindrical structure.  We annealed the scaffold and staples together with 
an additional set of single-stranded dye attachment DNA, Atto 647N dye, and a set of 24 
DNA strands used for the adapters (Appendices 14, 5, and 6).   
The modified DNA RT A seed uses 4 individual adapter strands that are different 
from the RT A seed (Appendix 7).  Since we modified the RT A seed to make the REd 
adapter complex sticky end strands the same, four strands from two adapter complexes 
needed different sequences.  We left one REd adapter complex unchanged and used that 
sticky end strand for the other two REd adapter complexes.  Only, the two strands on either 
side of the sticky end strand in the modified adapter complexes differ between the modified 
DNA RT A seed and the RT A seed.  To create the RNA RT A seed, we simply changed 
the adapter sticky end strands in the modified DNA RT A seed from DNA to RNA 
(Appendix 8).  Otherwise, the RNA RT A seed is the same as the modified DNA RT A 
seed. 
Similarly, the rigid cap uses 24 staple strands to fold a portion of the scaffold strand 
not used by the RT A seed (Appendix 10).  The scaffold and staples annealed with dye 
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attachment strands, Atto 488 dye, and a set of adapter strands (Appendices 14, 5, and 6).  
The adapter strands used for the cap are different than those used for the RT A seed.  The 
sticky ends of the sticky end adapter strands for the cap are complementary to the sticky 
ends on the RT A seed.  The flexible cap uses the same materials as the rigid cap except 
the flexible cap lacks staples.  Both the rigid cap and the flexible undergo purification after 
annealing from 90 to 20 ̊C.   
The FLIP seed, adapted from a previously designed seed [31], uses a larger set of 
staples than the previously described structures.  This seed uses a set of 72 staples [31] to 
fold either the full M13mp18 strands or a cleaved section of it.  The atto647 dye strands 
attach to the staples at the hairpin turns.  The adapter strands used by the FLIP seed are the 
same as those used by the RT A seed. 
Seed and cap preparation 
 We annealed all seeds and caps separately from the tiles.  Bayou Biolabs provided 
us with M13mp18 scaffold strands and Integrated DNA Technologies, Inc provided us with 
all other strands.  IDT purified adapter sticky end strands with PAGE purification and 
fluorescently labelled strands with HPLC purification.  We used all other strands directly 
after desalting.  To prepare samples for purification we annealed both seeds and caps from 
90 to 20 ̊C.   Samples contained 0.05 mg/ml of BSA biotin (A8549, Sigma-Aldrich Co.), 5 
nM M13mp18 scaffold strand, 500 nM of each staple strand, 200 nM of each adapter 
complex sticky end strand, 100 nM of all other adapter complex strands, 25 nM of each 
dye attachment strand, and 5000 nM of dye strands.  In all cases, annealing occurred in 
TAE Mg2+ buffer (a mixture of a 40 mM Tris-Acetate-1mM EDTA solution with a 12.5 
mM magnesium acetate solution) from 90 to 20 ̊C in an Eppendorf Mastercycler. 
25 
 
Seed and cap purification protocol 
 After annealing 50 µl of seed or cap samples in an Eppendorf Mastercycler, we 
prepared the seeds or caps using a centrifugal purification process.  In 100 kDa Amicon 
Ultra-0.5 ml Centrifugal Filter (UFC510096) tubes, we mixed the 50 µl sample with 350 
µl of TAE Mg2+ buffer solution.  This mixture centrifuged at 2000 RCF for 4 minutes.  
After this first wash, the samples centrifuged at the same settings 3 more times with an 
additional 200 µl of TAE Mg2+ buffer added to the filter between each wash.  To obtain 
the purified seeds or caps from the filter, we inverted the filter into a clean tube and briefly 
centrifuged it until the liquid collected in the new tube.  To obtain the concentration of 
purified seeds or caps, we imaged a not yet annealed 19.7 µl tile solution with 0.3 µl of 
seeds or caps using fluorescent microscopy.  
Tile mix sample preparation 
Tile solutions annealed from 90 ̊C and incubated at 20, 22, 24, or 26 ̊C in an 
Eppendorf Mastercycler in TAE Mg2+ buffer (a mixture of a 40 mM Tris-Acetate-1mM 
EDTA solution with a 12.5 mM magnesium acetate solution).  Solutions contained 0.05 
mg/ml of BSA biotin to keep tiles in bulk solution.  This protein competes with other 
structures in the solution for space on the walls of the materials used in the experiments 
(PCR tubes, pipette tips, etc.) thus avoiding loss of tiles to these materials.  Concentration 
of tile strands varied anywhere from 15 nM to 500 nM after addition of seeds and caps with 
sticky end strands present at double the concentration of the other tile strands.  We ordered 
tile strands from Integrated DNA Technologies, Inc.  IDT purified tile strands without 
fluorescent dyes using PAGE purification and with fluorescent dyes using HPLC 
purification.  We added aliquots of 19.7 µl or 19.4 µl to the thermocyclers, thus each aliquot 
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contained tiles at slightly higher then intended concentrations during the annealing process.  
As the tile anneal reached its lowest temperature, 0.3 µl of purified seeds added to the 
annealed tile solution diluted the concentration of DNA tile monomers.  Capping 
experiments allowed for the addition of 0.3 µl of caps some hours after the addition of 
seeds to allow time for the nanotubes to grow.  In any case, the additional volumes added 
to the tile solutions diluted the samples to the intended concentration upon reaching 20 µl.   
Fluorescent microscopy of the samples 
 We took images on an inverted microscope (Olympus IX71).  To prepare the 
samples for imaging, we added 0.3 µl of 1.0 µM D01 strand, a 54 base pair sequence that 
does not interact with other DNA strands in the sample.  D01 strand helps to visualize the 
nanotubes by competing with free tile monomers adsorbing to the slides.  After adding this 
additional strand, we quickly pipetted 3 µl of sample (6 µl for capping experiments) onto 
a 18x18 mm cover slip and inverted that onto a glass slide.  A 60X/1.45 NA oil immersion 
objective with a cooled CCD camera (iXon3, Andor) captured images of each sample.  We 
captured 2 to 3 images of each sample.  For each set of temperature and tile monomer 
concentration conditions examined for the RT A seed, we imaged three samples at a time, 
while we used only two samples for all other experiments.    
Data Quantification technique 
 To measure the percentage of seeds nucleating nanotube growth and percentage of 
tubes with seeds, we counted the number of seeds, tubes with seeds, and tubes without 
seeds in each image.  A MATLAB code flattened the coloring of the images with histogram 
equalization and overlaid multicolored images of seeds, tubes, and if present, caps.  We 
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ignored tubes running off the edges of the image and tubes too entangled to track from end 
to end.   
In some cases, we also needed to measure the lengths of each nanotube to find mean 
tube length and total tube length.  By manually adjusting the brightness threshold for each 
tube image, we showed MATLAB where the nanotubes were allowing the program to 
convert the tubes into a binary form.  Using MATLAB’s bwmorph function, the program 
thinned the nanotubes into single-pixel curves.  MATLAB calculated nanotube length by 
measuring the curve length in pixels and converting pixels to microns with the conversion 









Appendix 1: REd and SEd tile sequences  
REd tile sequences: 
RE-4bp-1:               CGTATTGGACATTTCCGTAGACCGACTGGACATCTTCG 
RE-4bp-2EE01:     TGGTCCTTCACACCAATACGGCAT 
RE-4bp-3Cy3:        /Cy3/TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG 
RE-4bp-4:    CAGACGAAGATGTGGTAGTGGAATGC 
RE-4bp-5:    TCCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG 
 
SEd tile sequences: 
SE-4bp-1:                CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACTC 
SE-4bp-2DIAG:  TCTGGTAGAGCACCACTGAGAGGT 
SE-4bp-3Cy3:                    /Cy3/CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT 
SE-4bp-4DIAG:  ACCAGAGTTTCGTGGTCATCGTACCT 
SE-4bp-5:               ACGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC 





Appendix 2: RT A seed architecture 
 






























































































































Appendix 4: RT A seed staple sequences 
 
T_3R2F_HP:   TGTAGCATAACTTTCAGGCATCCGTTTTCGGATGCCTTACAGTTTCTAATTGTA 
T_3R4F_HP:   TCGGTTTAGGTCGCTGGCTGACGCTTTTGCGTCAGCTTAGGCTTGCAAAGACTT 
T_3R6F_HP:   TTTCATGATGACCCCCACCAGCCGTTTTCGGCTGGTTTAGCGATTAAGGCGCAG 
T_3R8F_HP:   ACGGTCAATGACAAGACGGAGGCGTTTTCGCCTCCGTTACCGGATATGGTTTAA 
T_3R10F_HP:   TTTCAACTACGGAACACTCGCTGCTTTTGCAGCGAGTTACATTATTAACACTAT 
T_3R12F_CYC_HP:  CATAACCCACCGCCACCTGGCTCGTTTTCGAGCCAGTTCCTCAGAAACAACGCC 
T_3R2E_HP:   TGCTAAACTCCACAGAGCCAGTGCTTTTGCACTGGCTTCAGCCCTCTACCGCCA 
T_3R4E_HP:   ATATATTCTCAGCTTGCCGTCCGCTTTTGCGGACGGTTCTTTCGAGTGGGATTT 
T_3R6E_HP:   CTCATCTTGGAAGTTTCGGATGGCTTTTGCCATCCGTTCCATTAAACATAACCG 
T_3R8E_HP:   AGTAATCTTCATAAGGTCTGGTCGTTTTCGACCAGATTGAACCGAACTAAAACA 
T_3R10E_HP:   ACGAACTATTAATCATGGCACCTGTTTTCAGGTGCCTTTGTGAATTTCATCAAG 
T_3R12E_CYC_HP:  CCCTCAGATCGTTTACCGCTTGCGTTTTCGCAAGCGTTCAGACGACTTAATAAA 
T_5R2F_HP:   TGAGTTTCAAAGGAACGTCCACCGTTTTCGGTGGACTTAACTAAAGATCTCCAA 
T_5R4F_HP:   AAAAAAGGCTTTTGCGGTGGTCCGTTTTCGGACCACTTGGATCGTCGGGTAGCA 
T_5R6F_HP:   ACGGCTACAAGTACAACTCGGCACTTTTGTGCCGAGTTCGGAGATTCGCGACCT 
T_5R8F_HP:   GCTCCATGACGTAACACGGATCGCTTTTGCGATCCGTTAAGCTGCTACACCAGA 
T_5R10F_HP:   ACGAGTAGATCAGTTGCACCGCTGTTTTCAGCGGTGTTAGATTTAGCGCCAAAA 
T_5R12F_CYC_HP: GGAATTACCACCACCCGTGAGGCGTTTTCGCCTCACTTTCATTTTCCGTAACAC 
 
T_5R2E_HP:  GAGAATAGGTCACCAGCGGAACCGTTTTCGGTTCCGTTTACAAACTCCGCCACC 
T_5R4E_HP:  AAAGGCCGCTCCAAAACCGTGGCGTTTTCGCCACGGTTGGAGCCTTAGCGGAGT 
T_5R6E_HP:   GCGAAACAAGAGGCTTGTGCTGCGTTTTCGCAGCACTTTGAGGACTAGGGAGTT 
T_5R8E_HP:   CCAAATCATTACTTAGACGCTGGCTTTTGCCAGCGTTTCCGGAACGTACCAAGC 
T_5R10E_HP:   AAAGATTCTAAATTGGCGACGGACTTTTGTCCGTCGTTGCTTGAGATTCATTAC 
T_5R12E_CYC_HP:  CTCAGAGCGAGGCATAGGCTCCGCTTTTGCGGAGCCTTGTAAGAGCACAGGTAG 
Hairpins are highlighted in red.  
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Appendix 6: Schematic of RT A seed adapter complexes 
 







































Bolded items are modified strands.  
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Bolded items are modified strands.  
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Appendix 9: Rigid Cap architecture 
 




Appendix 10: Rigid Cap staple sequences 
T5R2F_HP:  AATGCCCCATAAATCCGCTCGGACTTTTGTCCGAGCTTTCATTAAAAGAACCAC 
T5R4F_HP:  CACCAGAGTTCGGTCAGCCGAGCGTTTTCGCTCGGCTTTAGCCCCCTCGATAGC 
T5R6F_HP:  AGCACCGTAGGGAAGGTCGGAGGCTTTTGCCTCCGATTTAAATATTTTATTTTG 
T5R8F_HP:  TCACAATCCCGAGGAACTGGTGGCTTTTGCCACCAGTTACGCAATAATGAAATA 
T5R10F_HP:  GCAATAGCAGAGAATACCGCAGGCTTTTGCCTGCGGTTACATAAAAACAGCCAT 
T5R12F_CYC_HP:  ATTATTTAGAAGGATTGCCATCGCTTTTGCGATGGCTTAGGATTAGAAACAGTT 
T5R2E_HP:  ACAAACAACTGCCTATCACGACGCTTTTGCGTCGTGTTTTCGGAACCTGAGACT 
T5R4E_HP:  TCGGCATTCCGCCGCCGTCGCTGCTTTTGCAGCGACTTAGCATTGATGATATTC 
T5R6E_HP:  ATTGAGGGAATCAGTACGGAGCACTTTTGTGCTCCGTTGCGACAGACGTTTTCA 
T5R8E_HP:  GAAGGAAAAATAGAAAGCCTAGCGTTTTCGCTAGGCTTATTCATATTTCAACCG 
T5R10E_HP:  CTTTACAGTATCTTACCGCTCGTGTTTTCACGAGCGTTCGAAGCCCAGTTACCA 
T5R12E_CYC_HP:  CCTCAAGATCCCAATCCGTGGAGCTTTTGCTCCACGTTCAAATAAGATAGCAGC 
T3R2F_HP:  TGCCTTGACAGTCTCTGTCGGTGCTTTTGCACCGACTTGAATTTACCCCTCAGA 
T3R4F_HP:  GCCACCACTCTTTTCACGGTCGGCTTTTGCCGACCGTTTAATCAAATAGCAAGG 
T3R6F_HP:  CCGGAAACTAAAGGTGGACCTGGCTTTTGCCAGGTCTTAATTATCATAAAAGAA 
T3R8F_HP:  ACGCAAAGAAGAACTGTCGGCTCGTTTTCGAGCCGATTGCATGATTTGAGTTAA 
T3R10F_HP:  GCCCAATAGACGGGAGCACAGGCGTTTTCGCCTGTGTTAATTAACTTTCCAGAG 
T3R12F_CYC_HP:  CCTAATTTACCAGGCGTCGGAGCGTTTTCGCTCCGATTGATAAGTGGGGGTCAG 
 
T3R2E_HP:  GGAAAGCGGTAACAGTGTGGCAGCTTTTGCTGCCACTTGCCCGTATCGGGGTTT 
T3R4E_HP:  GTTTGCCACCTCAGAGACCAGGCGTTTTCGCCTGGTTTCCGCCACCGCCAGAAT 
T3R6E_HP:  TTATTCATGTCACCAAGCTCGCTGTTTTCAGCGAGCTTTGAAACCATTATTAGC 
T3R8E_HP:  ATACCCAAACACCACGCCTACCGCTTTTGCGGTAGGTTGAATAAGTGACGGAAA 
T3R10E_HP:  GCGCATTAATAAGAGCCTGGACGCTTTTGCGTCCAGTTAAGAAACAATAACGGA 
Hairpins are highlighted in red.  
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Appendix 11: Other cap architectures 
 
Figure 10: Architectures 1 through 8 show different cap designs.  The table on the right shows the percent of caps 










































Appendix 13: Schematic of cap adapter complexes 
 




Appendix 14: Attachment and labelling strands 
Labeling strand sequences 
 
Labeling_strand_ATTO647N_seed_A /5ATTO647NN/AAGCGTAGTCGGATCTC 
Labeling_strand_ATTO488_cap   /5ATTO488N/AAGCGTAGTCGGATCTC 
 
Attachment strand sequences 
 
Unused_m13mp18_01  AAATTCTTACCAGTATAAAGCCAACTTTTGAGATCCGACTACGC 
Unused_m13mp18_02  GCCTGTTTAGTATCATATGCGTTATTTTTGAGATCCGACTACGC 
Unused_m13mp18_03  ACACCGGAATCATAATTACTAGAAATTTTGAGATCCGACTACGC 
Unused_m13mp18_04  GATAAATAAGGCGTTAAATAAGAATTTTTGAGATCCGACTACGC 
Unused_m13mp18_05  TTTAATGGTTTGAAATACCGACCGTTTTTGAGATCCGACTACGC 
Unused_m13mp18_06  TTAGTTAATTTCATCTTCTGACCTATTTTGAGATCCGACTACGC 
Unused_m13mp18_07  ACGCGAGAAAACTTTTTCAAATATATTTTGAGATCCGACTACGC 
Unused_m13mp18_08  GATGCAAATCCAATCGCAAGACAAATTTTGAGATCCGACTACGC 
Unused_m13mp18_09  TGGGTTATATAACTATATGTAAATGTTTTGAGATCCGACTACGC 
Unused_m13mp18_10  ACTACCTTTTTAACCTCCGGCTTAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_11  AATTTATCAAAATCATAGGTCTGAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_12  TTAAGACGCTGAGAAGAGTCAATAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_13  TCCTTGAAAACATAGCGATAGCTTATTTTGAGATCCGACTACGC 
Unused_m13mp18_14  TCGCTATTAATTAATTTTCCCTTAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_15  AGTGAATAACCTTGCTTCTGTAAATTTTTGAGATCCGACTACGC 
Unused_m13mp18_16  GAAACAGTACATAAATCAATATATGTTTTGAGATCCGACTACGC 
Unused_m13mp18_17  ATTTCATTTGAATTACCTTTTTTAATTTTGAGATCCGACTACGC 
Unused_m13mp18_18  AGAAAACAAAATTAATTACATTTAATTTTGAGATCCGACTACGC 
Unused_m13mp18_19  CAAAAGAAGATGATGAAACAAACATTTTTGAGATCCGACTACGC 
Unused_m13mp18_20  GCGAATTATTCATTTCAATTACCTGTTTTGAGATCCGACTACGC 
Unused_m13mp18_21  AATACCAAGTTACAAAATCGCGCAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_22  CAATAACGGATTCGCCTGATTGCTTTTTTGAGATCCGACTACGC 
Unused_m13mp18_23  TAACAGTACCTTTTACATCGGGAGATTTTGAGATCCGACTACGC 
Unused_m13mp18_24  CAGGTTTAACGTCAGATGAATATACTTTTGAGATCCGACTACGC 
Unused_m13mp18_25  CAGAAATAAAGAAATTGCGTAGATTTTTTGAGATCCGACTACGC 
Unused_m13mp18_26  CCATATCAAAATTATTTGCACGTAATTTTGAGATCCGACTACGC 
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Unused_m13mp18_27  TCTGAATAATGGAAGGGTTAGAACCTTTTGAGATCCGACTACGC 
Unused_m13mp18_28  TATAATCCTGATTGTTTGGATTATATTTTGAGATCCGACTACGC 
Unused_m13mp18_29  GATTATCAGATGATGGCAATTCATCTTTTGAGATCCGACTACGC 
Unused_m13mp18_30  AAGGAGCGGAATTATCATCATATTCTTTTGAGATCCGACTACGC 
Unused_m13mp18_31  CATTTTGCGGAACAAAGAAACCACCTTTTGAGATCCGACTACGC 
Unused_m13mp18_32  TAATTTTAAAAGTTTGAGTAACATTTTTTGAGATCCGACTACGC 
Unused_m13mp18_33  GTATTAAATCCTTTGCCCGAACGTTTTTTGAGATCCGACTACGC 
Unused_m13mp18_34  TAGACTTTACAAACAATTCGACAACTTTTGAGATCCGACTACGC 
Unused_m13mp18_35  ATAATACATTTGAGGATTTAGAAGTTTTTGAGATCCGACTACGC 
Unused_m13mp18_36  CAACTAATAGATTAGAGCCGTCAATTTTTGAGATCCGACTACGC 
Unused_m13mp18_37  TATCTAAAATATCTTTAGGAGCACTTTTTGAGATCCGACTACGC 
Unused_m13mp18_38  ACTGATAGCCCTAAAACATCGCCATTTTTGAGATCCGACTACGC 
Unused_m13mp18_39  GAATGGCTATTAGTCTTTAATGCGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_40  AGAATACGTGGCACAGACAATATTTTTTTGAGATCCGACTACGC 
Unused_m13mp18_41  ATAGAACCCTTCTGACCTGAAAGCGTTTTGAGATCCGACTACGC 
Unused_m13mp18_42  ATAAAAGGGACATTCTGGCCAACAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_43  GCAGATTCACCAGTCACACGACCAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_44  ATCGTCTGAAATGGATTATTTACATTTTTGAGATCCGACTACGC 
Unused_m13mp18_45  ATGGAAATACCTACATTTTGACGCTTTTTGAGATCCGACTACGC 
Unused_m13mp18_46  CCAGCCATTGCAACAGGAAAAACGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_47  CTGGTAATATCCAGAACAATATTACTTTTGAGATCCGACTACGC 
Unused_m13mp18_48  GTAGAAGAACTCAAACTATCGGCCTTTTTGAGATCCGACTACGC 
Unused_m13mp18_49  TGATTAGTAATAACATCACTTGCCTTTTTGAGATCCGACTACGC 
Unused_m13mp18_50  AAATTAACCGTTGTAGCAATACTTCTTTTGAGATCCGACTACGC 
Unused_m13mp18_51  CCGAGTAAAAGAGTCTGTCCATCACTTTTGAGATCCGACTACGC 
Unused_m13mp18_52  GAAGTGTTTTTATAATCAGTGAGGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_53  GACAGGAACGGTACGCCAGAATCCTTTTTGAGATCCGACTACGC 
Unused_m13mp18_54  AACAGGAGGCCGATTAAAGGGATTTTTTTGAGATCCGACTACGC 
Unused_m13mp18_55  TCCTCGTTAGAATCAGAGCGGGAGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_56  GCTTTGACGAGCACGTATAACGTGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_57  CGCCGCTACAGGGCGCGTACTATGGTTTTGAGATCCGACTACGC 
Unused_m13mp18_58  TAACCACCACACCCGCCGCGCTTAATTTTGAGATCCGACTACGC 
Unused_m13mp18_59  TGGCAAGTGTAGCGGTCACGCTGCGTTTTGAGATCCGACTACGC 
Unused_m13mp18_60  AAGCGAAAGGAGCGGGCGCTAGGGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_61  CGAACGTGGCGAGAAAGGAAGGGAATTTTGAGATCCGACTACGC 
Unused_m13mp18_62  GATTTAGAGCTTGACGGGGAAAGCCTTTTGAGATCCGACTACGC 
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Unused_m13mp18_63  TAAATCGGAACCCTAAAGGGAGCCCTTTTGAGATCCGACTACGC 
Unused_m13mp18_64  TTTTGGGGTCGAGGTGCCGTAAAGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_65  TACGTGAACCATCACCCAAATCAAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_66  AAACCGTCTATCAGGGCGATGGCCCTTTTGAGATCCGACTACGC 
Unused_m13mp18_67  ACGTGGACTCCAACGTCAAAGGGCGTTTTGAGATCCGACTACGC 
Unused_m13mp18_68  TTTGGAACAAGAGTCCACTATTAAATTTTGAGATCCGACTACGC 
Unused_m13mp18_69  CCGAGATAGGGTTGAGTGTTGTTCCTTTTGAGATCCGACTACGC 
Unused_m13mp18_70  AAATCCCTTATAAATCAAAAGAATATTTTGAGATCCGACTACGC 
Unused_m13mp18_71  TGTTTGATGGTGGTTCCGAAATCGGTTTTGAGATCCGACTACGC 
Unused_m13mp18_72  CTGGTTTGCCCCAGCAGGCGAAAATTTTTGAGATCCGACTACGC 
Unused_m13mp18_73  TGAGAGAGTTGCAGCAAGCGGTCCATTTTGAGATCCGACTACGC 
Unused_m13mp18_74  AGCTGATTGCCCTTCACCGCCTGGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_75  TTTCTTTTCACCAGTGAGACGGGCATTTTGAGATCCGACTACGC 
Unused_m13mp18_76  GTTTGCGTATTGGGCGCCAGGGTGGTTTTGAGATCCGACTACGC 
Unused_m13mp18_77  GAATCGGCCAACGCGCGGGGAGAGGTTTTGAGATCCGACTACGC 
Unused_m13mp18_78  GAAACCTGTCGTGCCAGCTGCATTATTTTGAGATCCGACTACGC 
Unused_m13mp18_79  TGCGCTCACTGCCCGCTTTCCAGTCTTTTGAGATCCGACTACGC 
Unused_m13mp18_80  GAGTGAGCTAACTCACATTAATTGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_81  TAAAGTGTAAAGCCTGGGGTGCCTATTTTGAGATCCGACTACGC 
Unused_m13mp18_82  TTCCACACAACATACGAGCCGGAAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_83  CTGTGTGAAATTGTTATCCGCTCACTTTTGAGATCCGACTACGC 
Unused_m13mp18_84  ATTCGTAATCATGGTCATAGCTGTTTTTTGAGATCCGACTACGC 
Unused_m13mp18_85  TAGAGGATCCCCGGGTACCGAGCTCTTTTGAGATCCGACTACGC 
Unused_m13mp18_86  CAAGCTTGCATGCCTGCAGGTCGACTTTTGAGATCCGACTACGC 
Unused_m13mp18_87  ACGACGTTGTAAAACGACGGCCAGTTTTTGAGATCCGACTACGC 
Unused_m13mp18_88  TTGGGTAACGCCAGGGTTTTCCCAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_89  AGGGGGATGTGCTGCAAGGCGATTATTTTGAGATCCGACTACGC 
Unused_m13mp18_90  CTCTTCGCTATTACGCCAGCTGGCGTTTTGAGATCCGACTACGC 
Unused_m13mp18_91  CTGTTGGGAAGGGCGATCGGTGCGGTTTTGAGATCCGACTACGC 
Unused_m13mp18_92  GCGCCATTCGCCATTCAGGCTGCGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_93  CGCTTCTGGTGCCGGAAACCAGGCATTTTGAGATCCGACTACGC 
Unused_m13mp18_94  ATCGCACTCCAGCCAGCTTTCCGGCTTTTGAGATCCGACTACGC 
Unused_m13mp18_95  GACGACGACAGTATCGGCCTCAGGATTTTGAGATCCGACTACGC 
Unused_m13mp18_96  GTAACCGTGCATCTGCCAGTTTGAGTTTTGAGATCCGACTACGC 
Unused_m13mp18_97  GGTCACGTTGGTGTAGATGGGCGCATTTTGAGATCCGACTACGC 
Unused_m13mp18_98  AAACGGCGGATTGACCGTAATGGGATTTTGAGATCCGACTACGC 
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Unused_m13mp18_99  ACAACCCGTCGGATTCTCCGTGGGATTTTGAGATCCGACTACGC 
Unused_m13mp18_100        TTCATCAACATTAAATGTGAGCGAGTTTTGAGATCCGACTACGC  
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Appendix 15: FLIP seed staple sequences 
stp_80_1 TGT CAC GGT TCA GCC CTC TAC CGC CAC CCT CAG 
ATC GTT TAC CTG TGC TGG AGA TCC GAC TAC GC 
stp_80_2 GAT GCG GTT TCA GAC GAC TTA ATA AAA CGA ACT 
ATT AAT CAT CCG TGA CAG AGA TCC GAC TAC GC 
stp_80_3 CAG CAC AGT TCT TTC GAG TGG GAT TTT GCT AAA 
CTC CAC AGA CTC GGT GTG AGA TCC GAC TAC GC 
stp_80_4 ACA CCG AGT TCC ATT AAA CAT AAC CGA TAT ATT CTC 
AGC TTG CCT TGT CCG AGA TCC GAC TAC GC 
stp_80_5 GGA CAA GGT TGA ACC GAA CTA AAA CAC TCA TCT 
TGG AAG TTT GCC AGA CAG AGA TCC GAC TAC GC 
stp_80_6 TGT CTG GCT TTG TGA ATT TCA TCA AGA GTA ATC TTC 
ATA AGG ACC GCA TCG AGA TCC GAC TAC GC 
stp_48_1 GCA ACT CGT TTA CAA ACT CCG CCA CCC TCA GAG 
CGA GGC ATA GGT GCA GCG AGA TCC GAC TAC GC 
stp_48_2 GTG GAC GGT TGT AAG AGC ACA GGT AGA AAG ATT 
CTA AAT TGG CGA GTT GCG AGA TCC GAC TAC GC 
stp_48_3 GCT GCA CCT TGG AGC CTT AGC GGA GTG AGA ATA 
GGT CAC CAG GTC GAG CCG AGA TCC GAC TAC GC 
stp_48_4 GGC TCG ACT TTG AGG ACT AGG GAG TTA AAG GCC 
GCT CCA AAA GCT GAC ACG AGA TCC GAC TAC GC 
stp_48_5 GTG TCA GCT TCC GGA ACG TAC CAA GCG CGA AAC 
AAG AGG CTT GCG AAC ACG AGA TCC GAC TAC GC 
stp_48_6 GTG TTC GCT TGC TTG AGA TTC ATT ACC CAA ATC ATT 
ACT TAG CCG TCC ACG AGA TCC GAC TAC GC 
stp_95_1 GCA CCG CTT TAG GTT TAG ATA GTT AGC GTA ACG 
AAA ATG AAT CTG CCA ACG AGA TCC GAC TAC GC 
stp_95_2 GTC ATG GCT TAA TCT ACG GAT AAA AAC CAA AAT 
ATA CTC AGG AGC GGT GCG AGA TCC GAC TAC GC 
stp_95_3 GTT GGC AGT TTT TCT GTA GTG AAT TTC TTA AAC AAC 
AAC CAT GCT CAG ACG AGA TCC GAC TAC GC 
stp_95_4 GTC TGA GCT TCG CCC ACG CGG GTA AAA TAC GTA 
AGA GGC AAA GTG CTG TCG AGA TCC GAC TAC GC 
stp_95_5 GAC AGC ACT TAG AAT ACA CTG ACC AAC TTT GAA 
AAT AGG CTG CTG CAT CCG AGA TCC GAC TAC GC 
stp_95_6 GGA TGC AGT TGC TGA CCT ACC TTA TGC GAT TTT 
AGG AAG AAA GCC ATG ACG AGA TCC GAC TAC GC 
stp_159_1 GAT GGA CTT TGA TAA GTG GGG GTC AGT GCC TTG 
ACA GTC TCT AGC GTC CTG AGA TCC GAC TAC GC 
stp_159_2 GGC AAC CGT TAA TTA ACT TTC CAG AGC CTA ATT 
TAC CAG GCG AGT CCA TCG AGA TCC GAC TAC GC 
stp_159_3 AGG ACG CTT TGA ATT TAC CCC TCA GAG CCA CCA 
CTC TTT TCA CGG AGG CAG AGA TCC GAC TAC GC 
stp_159_4 TGC CTC CGT TTA ATC AAA TAG CAA GGC CGG AAA 
CTA AAG GTG CGA GCA CAG AGA TCC GAC TAC GC 
stp_159_5 TGT GCT CGT TAA TTA TCA TAA AAG AAA CGC AAA 
GAA GAA CTG CTG GTG CCG AGA TCC GAC TAC GC 
stp_159_6 GGC ACC AGT TGC ATG ATT TGA GTT AAG CCC AAT 
AGA CGG GAG CGG TTG CCG AGA TCC GAC TAC GC 
stp_208_1 GGA CCG TGT TTT CGG AAC CTG AGA CTC CTC AAG 
ATC CCA ATC CGA GCC ACG AGA TCC GAC TAC GC 
stp_208_2 TGT GTC CGT TCA AAT AAG ATA GCA GCC TTT ACA 
GTA TCT TAC CAC GGT CCG AGA TCC GAC TAC GC 
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stp_208_3 GTG GCT CGT TAG CAT TGA TGA TAT TCA CAA ACA 
ACT GCC TAT GAG CGA TGG AGA TCC GAC TAC GC 
stp_208_4 CAT CGC TCT TGC GAC AGA CGT TTT CAT CGG CAT 
TCC GCC GCC GTC ACC TGG AGA TCC GAC TAC GC 
stp_208_5 CAG GTG ACT TAT TCA TAT TTC AAC CGA TTG AGG 
GAA TCA GTA CCT GTT GCG AGA TCC GAC TAC GC 
stp_208_6 GCA ACA GGT TCG AAG CCC AGT TAC CAG AAG GAA 
AAA TAG AAA CGG ACA CAG AGA TCC GAC TAC GC 
stp_144_1 AGG AGC ACT TGT TTT AAC CCG TCG AGA GGG TTG 
AAC GCT AAC CAC GGC TGG AGA TCC GAC TAC GC 
stp_144_2 GGT TCG CTT TGA GCG TCT GAA CAC CCT GAA CAA 
AGA TAA CCC GTG CTC CTG AGA TCC GAC TAC GC 
stp_144_3 CAG CCG TGT TAA CCG CCA CGT TCC AGT AAG CGT 
CGG TAA TAA GCC ATC ACG AGA TCC GAC TAC GC 
stp_144_4 GTG ATG GCT TAT TAC CAT ATC ACC GGA ACC AGA 
GAC CCT CAG GCA CTC CAG AGA TCC GAC TAC GC 
stp_144_5 TGG AGT GCT TGC AAC ATA CCG TCA CCG ACT TGA 
GGT AGC ACC GTT TGG ACG AGA TCC GAC TAC GC 
stp_144_6 GTC CAA ACT TAC AAG AAT AAG ACT CCT TAT TAC GTA 
AAG GTG AGC GAA CCG AGA TCC GAC TAC GC 
stp_31_1 CAG CTC ACT TTC ATT TTC CGT AAC ACT GAG TTT CAA 
AGG AAC GTC CGT CCG AGA TCC GAC TAC GC 
stp_31_2 GTC AAC GCT TAG ATT TAG CGC CAA AAG GAA TTA 
CCA CCA CCC GTG AGC TGG AGA TCC GAC TAC GC 
stp_31_3 GGA CGG ACT TAA CTA AAG ATC TCC AAA AAA AAG 
GCT TTT GCG GTG GAC ACG AGA TCC GAC TAC GC 
stp_31_4 GTG TCC ACT TGG ATC GTC GGG TAG CAA CGG CTA 
CAA GTA CAA GGT GCC ACG AGA TCC GAC TAC GC 
stp_31_5 GTG GCA CCT TCG GAG ATT CGC GAC CTG CTC CAT 
GAC GTA ACA GGC AAT GCG AGA TCC GAC TAC GC 
stp_31_6 GCA TTG CCT TAA GCT GCT ACA CCA GAA CGA GTA 
GAT CAG TTG GCG TTG ACG AGA TCC GAC TAC GC 
stp_176_1 GAT GGT CCT TGC CCG TAT CGG GGT TTT GCT CAG 
TGC CAG TTA CGC TGT TCG AGA TCC GAC TAC GC 
stp_176_2 GCT CCT GCT TCA AAA TAA ACA GGG AAG CGC ATT 
AAT AAG AGC GGA CCA TCG AGA TCC GAC TAC GC 
stp_176_3 GAA CAG CGT TCC GCC ACC GCC AGA ATG GAA AGC 
GGT AAC AGT TGC CTA GCG AGA TCC GAC TAC GC 
stp_176_4 GCT AGG CAT TTG AAA CCA TTA TTA GCG TTT GCC 
ACC TCA GAG TGG CTC ACG AGA TCC GAC TAC GC 
stp_176_5 GTG AGC CAT TGA ATA AGT GAC GGA AAT TAT TCA 
TGT CAC CAA CGG TCG CAG AGA TCC GAC TAC GC 
stp_176_6 TGC GAC CGT TAA GAA ACA ATA ACG GAA TAC CCA 
AAC ACC ACG GCA GGA GCG AGA TCC GAC TAC GC 
stp_63_1 CAG CCG AGT TCC TCA GAA ACA ACG CCT GTA GCA 
TAA CTT TCA CCA CAC CTG AGA TCC GAC TAC GC 
stp_63_2 AGG ACT GCT TAC ATT ATT AAC ACT ATC ATA ACC CAC 
CGC CAC CTC GGC TGG AGA TCC GAC TAC GC 
stp_63_3 AGG TGT GGT TAC AGT TTC TAA TTG TAT CGG TTT 
AGG TCG CTG GCG ACA TGG AGA TCC GAC TAC GC 
stp_63_4 CAT GTC GCT TAG GCT TGC AAA GAC TTT TTC ATG 
ATG ACC CCC GAA CGA TGG AGA TCC GAC TAC GC 
stp_63_5 CAT CGT TCT TAG CGA TTA AGG CGC AGA CGG TCA 
ATG ACA AGA GCC TCA CAG AGA TCC GAC TAC GC 
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stp_63_6 TGT GAG GCT TAC CGG ATA TGG TTT AAT TTC AAC 
TAC GGA ACA GCA GTC CTG AGA TCC GAC TAC GC 
stp_191_1 GCA AGC GGT TAG GAT TAG AAA CAG TTA ATG CCC 
CAT AAA TCC TGC CTT ACG AGA TCC GAC TAC GC 
stp_191_2 GAA GGT CGT TAC ATA AAA ACA GCC ATA TTA TTT 
AGA AGG ATT CCG CTT GCG AGA TCC GAC TAC GC 
stp_191_3 GTA AGG CAT TTC ATT AAA AGA ACC ACC ACC AGA 
GTT CGG TCA CGC TCA TCG AGA TCC GAC TAC GC 
stp_191_4 GAT GAG CGT TTA GCC CCC TCG ATA GCA GCA CCG 
TAG GGA AGG CGA CAC CAG AGA TCC GAC TAC GC 
stp_191_5 TGG TGT CGT TTA AAT ATT TTA TTT TGT CAC AAT CCC 
GAG GAA CCA GTG CGG AGA TCC GAC TAC GC 
stp_191_6 CGC ACT GGT TAC GCA ATA ATG AAA TAG CAA TAG 
CAG AGA ATA CGA CCT TCG AGA TCC GAC TAC GC 
stp_mid_complex_1_1 GGC AGA CGT TCT TTT GCA ATC CTG AAT CTT ACC 
ATA TAA GTA CGG TCA GCG AGA TCC GAC TAC GC 
stp_mid_complex_1_2 GCT GAC CGT TTA GCC CGG AAT AGG TGT ATC ACC 
GGC GAG AGG CGT CTG CCG AGA TCC GAC TAC GC 
stp_mid_complex_2_1 CAG GTG GAT TGT AAT TGA ACC AGT CAG GAC GTT 
GAG AAC TGG CGT CGG TCG AGA TCC GAC TAC GC 
stp_mid_complex_2_2 GAC CGA CGT TCT CAT TAT GCG CTA ATA TCA GAG 
AGT CAG AGG TCC ACC TGG AGA TCC GAC TAC GC 
stp_mid_complex_3_1 GGA TGC CAT TCT TTT GAT CTT TCC AGA CGT TAG 
TTC TAA AGT CGT CCA GCG AGA TCC GAC TAC GC 
stp_mid_complex_3_2 GCT GGA CGT TTT TGT CGT GAT ACA GGA GTG TAC 
TAT ACA TGG TGG CAT CCG AGA TCC GAC TAC GC 
stp_mid_complex_4_1 CAG GAC ACT TGG AAC CGC TGC GCC GAC AAT GAC 
AGC TTG ATA CGG AGT ACG AGA TCC GAC TAC GC 
stp_mid_complex_4_2 GTA CTC CGT TCC GAT AGT CTC CCT CAG AGC CGC 
CCC ACC ACC GTG TCC TGG AGA TCC GAC TAC GC 
stp_mid_complex_5_1 GCC TGC GGT TTA GCA AAC TGT ACA GAC CAG GCG 
CGA GGA CAG AGT GCA ACG AGA TCC GAC TAC GC 
stp_mid_complex_5_2 GTT GCA CTT TAT GAA CGG GTA GAA AAT ACA TAC 
ACA GTA TGT CCG CAG GCG AGA TCC GAC TAC GC 
stp_mid_complex_6_1 GCC TGA CGT TGA ATT AGA CCA ACC TAA AAC GAA 
ATG CCA CTA CCG TAA GCG AGA TCC GAC TAC GC 
stp_mid_complex_6_2 GCT TAC GGT TCG AAG GCA GCC AGC AAA ATC ACC 
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